This paper aims to propose and develop an adaptive moving sliding mode controller (AMSMC) that can be applied for nonlinear single-input single-output (SISO) systems with external disturbances. The main contribution of this framework consists to overcome the chattering phenomenon problem. The discontinuous term of the classic sliding mode control is replaced by an adaptive term. Moreover, a moving sliding surface is proposed to have better tracking and to guarantee robustness to the external disturbances. The parameters of the sliding surface and the adaptive law are deduced based on Lyapunov stability analysis. An experimental application of electropneumatic system is treated to validate the theoretical results.
Introduction
Fluid systems, especially the pneumatic systems, possess a profoundly nonlinear nature at different levels. The complexity of these systems incites researchers to study their behavior and synthesize adequate control laws.
In recent years, many researchers have been interested in robust control applied to electropneumatic actuators. In this context, we can cite, for example, feedback linearization [1] , fuzzy control algorithms [2] , adaptive control [3] , backstepping control [4] , and sliding mode control [5, 6] .
The classic sliding mode operates with high accuracy and robustness with respect to various uncertainties and external disturbances. However, it suffers from a specific drawback: the chattering phenomenon. This phenomenon is caused by the discontinuous term of the control law which is characterized by high oscillations around the sliding manifold. In order to reduce the chattering phenomenon, there are various proposed solutions. In [7] [8] [9] [10] [11] , high order sliding mode control is proposed. This algorithm ensures that the sliding variable and its consecutive derivatives tend to zero in the presence of the disturbances/uncertainties. The high sliding mode control allows, also, increasing the accuracy of the sliding variable stabilization. Thus, it is still frequently applied to the control of electropneumatic actuators. Some of existing solutions are based on adaptive sliding mode control [12] [13] [14] [15] . The adaptation algorithm ensures that the gain is not overestimated, which reduces the chattering. In [16, 17] , the authors have replaced the discontinuous term by an adaptive Proportional Derivative term in order to reduce chattering phenomenon.
The main contribution of this paper is the development of a new adaptive moving sliding mode control for a class of nonlinear SISO systems which will be applied to an electropneumatic system for stroke position tracking. The proposed algorithm can guarantee a good tracking independently of the sliding surface parameters choice and enhance robustness of the control law in the presence of disturbance and parameter variations; hence the sliding surface is moved by changing the magnitude of the slopes by adaptive laws. Also, the chartering phenomenon can also be reduced by replacing the discontinuous term by an adaptive Proportional Derivative term. All parameters, adaptive laws, and sliding surface are derived based on Lyapunov stability analysis.
The remaining sections of this paper are organized as follows: in Section 2, we will present a class of nonlinear SISO systems. Section 3 is devoted to study the classic sliding mode control for the class of system under investigation. In Section 4, we will propose an adaptive sliding mode controller with a moving sliding surface, and the stability analysis of the proposed method is done. Section 5 presents the description and the modeling of the pneumatic actuator system used. In Section 6, we will present the effectiveness of the proposed controller by an experimental comparative study with the classic sliding mode control. Some conclusions on the developed work and information about future work end the paper.
System Formulation
Consider a class of SISO nonlinear perturbed systems in the following form:
where is the plant state vector which is supposed to be available for measurement. ∈ R and ∈ R are, respectively, the system input and output. ( ) is the unknown external disturbance.
Assumption 1.
The upper bound of the disturbance ( ) is such that | ( )| ≤ .
Assumption 2.
The nonlinear system (1) is assumed to be controllable ( ( ) ̸ = 0).
Define the following tracking errors:
with ( ,̇, . . . , −1 ) being the desired reference signal vector where (⋅) ( ) is the successive derivatives of (⋅) given by
Classic Sliding Mode Control
We define a sliding surface in the space of tracking error by the following equation:
The parameters −1 , . . . , 1 are chosen such that all roots of ℎ( ) = ( −1) + −1 ( −2) + ⋅ ⋅ ⋅ + 2 + 1 are in the left half of the complex plane ( denotes the complex Laplace transform variable).
Our objective is to determinate a control law for the nonlinear system given by (1) such that the vector ( ,, . . . , ( −1) ) can follow given trajectories ( ,̇, . . . , ( −1) ) despite the external disturbances ( ). The derivative of the sliding surface (3) is given bẏ
The SMC control law is designed as
The equivalent law eq is determined bẏ= 0. It is given by the following expression:
where −1 ( ) is the inverse matrix of ( ). The switching term known as the discontinuous control law sw is given by
with dis = sign ( ) ,
where is positive constant. So the control law can be written as follows:
Consider the following Lyapunov function:
The time derivative of is given bẏ
By substituting (4) and (9) into (11), we obtaiṅ
which mean that > anḋ< 0; so we guarantee the semiglobal asymptotic stability and the tracking errors asymptotically converge to zero.
The sliding mode control (SMC) is characterized by its accuracy and its robustness to external disturbances. However, the principal disadvantage of this type of control is the sliding surface parameters choice and the chattering phenomenon.
In the next section, we will present an adaptive moving sliding mode controller based on time-varying linear sliding surface adaptable to arbitrary initial conditions for high order systems to have better tracking performances and an adaptive Proportional Derivative (PD) term is used to reduce the chattering phenomenon.
Adaptive Moving Sliding Mode Control
A Proportional Derivative adaptive term is substituted to the discontinuous term of SMC:
The input and output of the continuous time PD controller are written by the following form:
where and are the control gains to be computed.
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The adaptive PD term derived from (14) can be rewritten as follows:
where and Ψ( ( )) are, respectively, the adjustable parameters vector and the regressive vector given by = [ ]
The resulting control law becomes
wherêis the estimated value of , = 1, . . . , − 1.
The parameter vectors are adjusted by the following adaptive control laws:
where , = 1, . . . , − 1, and are positive constants.
The main result of the proposed adaptive moving sliding mode control scheme is summarized in the following theorem. (17) and (18) , respectively; then the proposed control scheme guarantees the following properties:
Theorem 3. Consider the class of SISO nonlinear systems (1); the control law (16) is applied, when the parameterŝand the vector̂are adjustable online by applying the adaptive laws
(i) The semiglobal asymptotic stability.
(ii) Convergence to zero of the tracking errors.
Proof. We define PD as the approximation error:
We note that ‖ PD ‖ ≤ PD max
. The time derivative of is given by (4) . While replacing the control law by its expression (16) , the time derivative of can be rewritten aṡ
wherẽ= −̂, = 1, . . . , − 1.
The Lyapunov function is chosen as follows:
By replacing the derivative time of given by (20) and adding (19) in the derivative of , we obtaiṅ
Knowing thaṫ= −̇anḋ= −, (23) can be rewritten as follows:
By substituting (17) and (18) into (24), we obtaiṅ
Finally,̇<
To prove the sliding condition, the following lemma has to be introduced.
Lemma 4 (Barbalat lemma). If ( ) :
→ is uniformly continuous function for ≥ 0 and if the limit of the integral lim →∞ ∫ 0 | ( )| exists and is finite, then lim →∞ ( ) = 0.
Integrating (26) from zero to , it yields
As goes to infinity, the above integral is always less than or equal to (0). However (0) is finite and positive; then we can prove that lim →∞ ∫ 0 | ( )| exists and is finite. Based on Barbalat's lemma, ( ) → 0 as goes to infinity. So the sliding condition is verified.
Remark 5. The stability result is verified if all parameters involved in (22) are bounded. To ensure the boundedness of this parameters, the adaptive laws (17) and (18) can be modified using the projection algorithm [18, 19] . The modified adaptive laws are given as follows. For , we usė
For , we usė
where and̂are the design parameters that specify the allowable bounds of̂and̂.
The projection operators [ * ] and [ * ] are defined as
Application to Pneumatic Actuator Position Control

Pneumatic Actuator Modeling.
The electropneumatic system ( Figure 1 ) is a linear double acting actuator. It is composed of two chambers denoted by and . Two threeway servodistributors supply the air mass flow rates entering into the two chambers. The cylinder axis is connected at its extremity to a carriage and carries a load on guiding rails. The full moving mass is 17 Kg. According to Newton's second law applied to the moving solid and under the assumptions of a link rod/rigid carriage and a rigid body, the dynamic equation of movement is
where and V are, respectively, the position and the velocity of the rod and and stand, respectively, for the pressure in chambers and .
vis are viscous friction forces which are proportional to the velocity by a coefficient of viscosity V :
The external forces ext are considered constant, and they represent the action of the atmospheric pressure on the moving part:
To obtain the pressure evolution in a chamber with variable volume, we assume the following assumptions [20] :
(i) The air is supposed to be a perfect gas.
(ii) The pressure and the temperature are homogeneous in each chamber.
(iii) The process is polytropic and characterized by a coefficient .
(iv) The temperature variation is very small with respect to average and equal to the supply temperature ( = = ).
The servodistributors dynamic can be neglected. So we can reduce the servodistributors model to a static one which can be described by two relationships ( , ) and (− , ) between the mass flow rates and ; the input voltages ; and the output pressures and . The pressure dynamics in both chambers and are given as follows:
and are, respectively, the volumes of and chambers: 
where [ or ] are dead volumes present in each extremity of the cylinder.
Control Model.
In [21] , authors have proposed analytical models for both simulation and control purposes. The flow stage characteristics were approximated by affine polynomial functions in control such that
The polynomial functions ( ), ( , > 0), and ( , < 0) degrees are equal to five. The maximum error of mass flow rate between polynomial approximation and static measurement is less than 10%.
The nonlinear affine model (38) is obtained referring to (31), (34), and (37). Consider the following:
where is the polytropic coefficient. From (38), it is clear that the actuator position has a relative degree equal to three versus the control input . The time derivative of the acceleration is given as follows:
Equation (39) can be written under the class of SISO nonlinear system described by (1):
is the state vector composite of position, velocity, and acceleration of the pneumatic actuator, as well as pressures inside both cylinder's chambers:
To proceed to the control of system, we choose as the output of the system which is the position of the pneumatic actuator.
Classic Sliding Mode
Control. The sliding surface defined by (3) is given by the following expression:
where , V , and are, respectively, the position, velocity, and acceleration desired trajectories. By applying the control law given by expression (9), we obtain
Adaptive Moving Sliding Mode
Control. Now, we apply the proposed AMSMC to the pneumatic actuator. The control law is given by the following expression:
The adaptive parameters of the control law (45) are given bẏ , and are positives constants.
Experimental Results
The adaptive moving sliding mode controller applied to an electropneumatic system was implemented using dSpace DS1104 controller board with a dedicated digital signal processor. The measured signals are all analogical. They are transmitted via a signal conditioning unit before being read by 16-bit Analog Digital Converter (ADC). We choose the sampling time equal to 1 ms. Experiment results are carried out here to demonstrate the effectiveness of the adaptive controller. In order to obtain velocity feedback, there exist two ways: using a velocity sensor or recovering velocity signal using position information. To reduce the cost of the system, the velocity of the cylinder is determined by analogically differentiating and low-pass filtering the position. All control laws are implemented by using a position sensor and two pressure sensors. The position sensor is a NovoTECHNIK, model TLH500. Its linearity error is ±0.05%. The two pressure sensors are fabricated by KULITE model XT140M-7BarA, their precision is equal to 700 Pa (0.1%), and their combined nonlinearity and hysteresis errors are ±0.1%.
The experiment results related to the pneumatic system controllers are given by Figures 2-13 . In order to show the proposed controller efficiency, we compare the experiment results of sliding mode control (SMC) (Figures 2-4) with those of adaptive moving sliding mode control (AMSMC) (Figures 7-13 ).
Experiment Results of Classic Sliding Mode
Control. First, the control gain is chosen as = 50. Figures 2 and 3 show that the SMC has good tracking position performance. The maximum position error is about 1.2 mm (0.48% of the total displacement magnitude). In static stage, the position error is about 400 m.
In [2] , a hybrid of fuzzy and PID control algorithm is proposed for point-to-point displacement. In this case, the steady-state error is about 3.5 mm (the total displacement is equal to 200 mm). A PID controller augmented with friction compensation using neural network is presented in [22] . A sinusoid with magnitude of 70 mm and frequency of 0.2 Hz has been used as reference input. In this case, the maximum position error is about 8.1 mm. So, from this point of view, the obtained results with the SMC controller are more attractive. However the major drawback presented by the SMC is the chattering phenomenon (see Figure 4 ). This phenomenon is undesirable and it can be responsible for the life time drop of some complements like the servodistributor. Figures 5 and 6 show that the pressure evolutions in chambers and are stiff and present a high-frequency excitation.
Experiment Results of Adaptive Moving Sliding Mode
Control. As shown in Figures 7 and 8 , the AMSMC have better tracking position performance than the SMC. In steady state, the position error is about 160 m and the maximum position error is about 1.3 mm (0.52% of the total displacement magnitude). Moreover, the chattering phenomenon in the control law (see Figure 9 ) has been reduced. The pressure evolutions are smooth and without high-frequency excitation (see Figures 10 and 11) . Figures 12 and 13 illustrate the behavior adaptation parameters and sliding surface gains. Further, we note that the sliding surface Figure 14 converges to zero in finite time. So, from this point of view, the AMSMC controller seems to be more useful than the SMC. Table 1 represents a comparative study of different control strategy applied such as the backstepping controller [4] , the passivity control [23] , the high order SMC [24] , and the two control laws presented in this paper (SMC and AMSMC). Those control laws have been implemented on the same benchmark, on the same condition, and on the same setup condition. The signs + and − in Table 1 mean that the criterion is satisfied and dissatisfied, respectively, and the sign ++ means that the criterion is very satisfied. Based on Table 1 , the sliding mode control is an attractive and robust approach; it has the less maximum position error in dynamic stage 1.2 mm but it suffers from specific drawback which is the chattering phenomenon. This phenomenon is undesirable and seems to be responsible for the lifetime drop of some components especially the servodistributor. There are many control strategies to reduce the chattering phenomenon. From Table 1 , it is clear that backstepping controller and AMSMC present the important solution to eliminate this phenomenon. Using the backstepping controller, the maximum position error in dynamic stage is about 1.62 mm and for the proposed controller is about 1.3 mm. From experimental results and Table 1 , we can conclude that the AMSMC ensures a good accuracy in terms of position tracking for a desired trajectory and remove the chattering effect. 
Conclusion
In this paper, an adaptive moving sliding mode controller is designed for a class of nonlinear single-input single-output systems. In order to ensure a good accuracy of tracking desired reference signal and to overcome the chattering problem, on the one hand, we proposed a moving sliding surface which is moved by changing the magnitude of the slope and intercept towards a predetermined surface, and, on the other hand, we combined an adaptive PD term into classic sliding mode controller. The proposed control scheme has guaranteed the global stability based on Lyapunov stability approach. To show the performance and the effectiveness of our proposed controller, experimental results related to the electropneumatic system control were presented and compared with the classic sliding mode controller. The AMSMC controller which reduced the chattering phenomenon still provides a good tracking performance. Future works will extend our controller for a class of nonlinear Multi-Input Multi-Output (MIMO) systems. Total load mass (kg) :
Nomenclatures
Piston , section :
T emperatureK :
Perfect gas constant (J/kg/K).
